؉ -dependent malic enzyme was cloned from the Escherichia coli genome by PCR based on the published partial sequence of the gene. The enzyme was overexpressed and purified to near homogeneity in two chromatographic steps and was analyzed kinetically in the forward and reverse directions. The K m values determined in the presence of saturating cofactor and manganese ion were 0.26 mM for malate (physiological direction) and 16 mM for pyruvate (reverse direction). When malic enzyme was induced under appropriate culture conditions in a strain of E. coli that was unable to ferment glucose and accumulated pyruvate, fermentative metabolism of glucose was restored. Succinic acid was the major fermentation product formed. When this fermentation was performed in the presence of hydrogen, the yield of succinic acid increased. The constructed pathway represents an alternative metabolic route for the fermentative production of dicarboxylic acids from renewable feedstocks.
Metabolic engineering, the deliberate alteration of an organism's metabolism through genetic manipulation (7), often involves amplification or introduction of a naturally occurring metabolic pathway. The full potential of metabolic engineering in the longer term will include the creation of new metabolic pathways using enzymes, or modified enzymes, in functions different from those for which they evolved. Here we investigate the potential for constructing alternative fermentation pathways for the formation of C 4 -dicarboxylic acids from glucose. The C 4 -dicarboxylic acids-succinic, fumaric and malic acids-are potential intermediates in the production of commodity chemicals from renewable carbohydrate feedstocks (11) . They can be converted chemically into common intermediates of the petrochemical industry such as 1,4-butanediol, tetrahydrofuran, and ␥-butyrolactone. These compounds are used in a variety of polymers, solvents, and additives (11, 25) .
The dicarboxylic acid generated fermentatively is succinic acid (10) . For example, at low pH in the presence of CO 2 , Anaerobiospirillum succiniciproducens converts glucose to a 2:1 molar mixture of succinic and acetic acids (23) . The oxidized coproduct, acetic acid, is formed because fermentations require balanced production and consumption of reducing equivalents (3, 8) . The reducing power generated in the formation of phosphoenolpyruvate (PEP) by glycolysis-one NADH per PEP-is insufficient to convert all the PEP to succinic acid; two reductive reactions are needed (10) .
Because PEP represents the net energy gained from glycolysis, its energy must be conserved at least in part by formation of ATP. The A. succiniciproducens fermentation employs a PEP carboxykinase to direct PEP toward succinic acid with concomitant generation of ATP (20) . In Escherichia coli and most other organisms, on the other hand, the carboxykinase is gluconeogenic. Instead, a PEP carboxylase channels PEP toward succinic acid and dissipates the energy of PEP through hydrolysis to inorganic phosphate (1) . The free energy of PEP is conserved in the major routes of PEP metabolism in E. coli, conversion to pyruvate by pyruvate kinase or the phosphotransferase system.
A possible alternative route to dicarboxylic acids from pyruvate instead of PEP, involving the reductive carboxylation of pyruvate to malate catalyzed by malic enzyme, can be proposed. Whereas malic enzyme functions physiologically in the opposite direction (19) , the reductive formation of malatepyruvate ϩ NADH ϩ CO 2 3 malate ϩ NAD ϩ -is actually the thermodynamically favored direction, with a G 0 Ј of approximately Ϫ2 kcal/mol (9, 26) . In nature, this reaction does not occur because the kinetic parameters of the enzyme have evolved to favor the nonthermodynamic direction. Here we evaluate the possibility of constructing a nonnatural metabolic pathway to dicarboxylic acids through expression of the E. coli NAD ϩ -dependent malic enzyme in a host blocked in its normal fermentative metabolism of pyruvate (Fig. 1) . We found that under appropriate culture conditions, malic enzyme can function in its nonphysiological direction, resulting ultimately in the formation of succinic acid as the major fermentation product from glucose.
MATERIALS AND METHODS
Bacterial strains and culture conditions. All bacteria were strains of E. coli K-12 and are listed in Table 1 . Strain LS1 was constructed by transduction of ldhA::Kan from strain FMJ123 to strain W1485, using bacteriophage P1vir and standard protocols (21) . Plasmid pTRC99a was from Pharmacia Biotech, and plasmid pMEE1 was constructed as described below. Strains were routinely cultured in Luria broth (LB) with the appropriate antibiotics. Anaerobic cultures were performed in stoppered 25-ml serum tubes containing 10 ml of LB medium, 0.5 g of solid MgCO 3 to maintain pH, and supplements appropriate to the specific experiment. The gas composition and pressure in the tubes were established by use of a gassing manifold (2) .
Cloning of the E. coli NAD ؉ -dependent malic enzyme. Because the published sequence of the malic enzyme encoding gene was incomplete (the region encoding the C terminus of the protein was deleted [13] ), we generated a probe for detecting the entire gene. The probe consisted of an internal fragment of the gene and was generated by PCR using primers based on the reported partial gene sequence (13) . The primers, 5Ј-CGAAGAACAAGCGGAACGAGCAT and 5Ј-GGCAGCAGGTTCGGCATCTTGTC, were combined at 1 M with approximately 20 ng of genomic DNA isolated from E. coli MC1061 in a standard 100-l PCR. Twenty-five cycles consisting of 1 min of denaturation at 94°C, 1 min of annealing at 60°C, and 1 min of elongation at 72°C were carried out with native Taq polymerase (Perkin-Elmer, Inc.). The PCR product (0.8 kb) was purified with a Qiaex gel extraction kit (Qiagen, Inc.) and biotinylated by using the Bio Nick labeling system (Bio-Rad, Inc.). The biotinylated PCR product was then used as the probe in Southern blot analysis (22) of genomic E. coli DNA digested with HindIII and a series of second restriction endonucleases. Genomic fragments containing the malic enzyme gene were detected by using the PhotoGene nucleic acid detection system (Stratagene, Inc.). The smallest fragment containing the gene, approximately 2.5 kb, was detected in DNA cut with HindIII and PstI. Additional DNA was then digested with HindIII and PstI and separated on a 1% agarose gel in Tris-acetic acid-EDTA buffer (22) . Regions of the gel containing fragments of the size ranges of 2.0 to 2.5, 2.5 to 3.0, and 3.0 to 3.5 kb were excised and purified with Qiaex resin (Qiagen). Analysis by PCR using the primers described above showed that the 2.0-to 2.5-kb fragment pool contained the malic enzyme gene.
To provide a region of known DNA sequence on the C-terminal side of the gene, the isolated 2.0-to 2.5-kb fragment pool was ligated to pUC19 DNA which had been digested with PstI and dephosphorylated with calf intestinal phosphatase (Promega). One microliter of the ligation mixture was used as the template in a standard PCR with 1 M primer 5Ј-AGGATCCATGGAACCAAAAACA AAAAAAC (3Ј end complementary to the N-terminus-encoding region of the gene) and 0.25 M primer 5Ј-CGCCAGGGTTTTCCCAGTCACGAC (3Ј end complementary to the opposite strand of pUC19 adjacent to the site of ligation). The PCR was performed for 35 cycles of denaturation for 1 min at 94°C, annealing for 1 min at 55°C, and extension for 3 min at 72°C. The single product, a 1.8-kb fragment, was formed in low yield. This fragment was isolated, purified, and used as a template for another PCR using the same conditions to generate sufficient material for cloning. A portion of the final PCR product was verified to contain the malic enzyme gene by restriction digest analysis. Digestion with BclI and BglII generated the fragment sizes predicted from the published DNA sequence (13) . The remainder of the PCR product was digested with NcoI and PstI, purified from an agarose gel, and then ligated into the polylinker region of pTRC99a which had been cleaved with NcoI and PstI, dephosphorylated, and purified. E. coli JM109 was transformed with the ligation mixture, and the resulting colonies were screened for the malic enzyme gene by restriction fragment analysis. The plasmid containing the E. coli malic enzyme gene, named pMEE1, was subsequently transformed into strains NZN111, LS1, and FMJ123 (Table 1) .
Enzymatic analyses. Standard assays were performed in the direction of oxidative decarboxylation of malate at 30°C in 1.0 ml of 100 mM HEPES buffer (pH 7.5) containing 10 mM NAD ϩ , 100 mM malate, 1 mM dithiothreitol, and 10 mM MgCl 2 . The increase in absorbance due to the formation of NADH was measured with a Shimadzu UV 160U spectrophotometer. One unit of enzyme is defined as the amount of enzyme that catalyzed the reduction of 1 mol of NAD ϩ per min. Induction of malic enzyme was evaluated in strain NZN111(pMEE1) under both aerobic and anaerobic conditions. Aerobic cultures were grown at 37°C to an optical density at 600 nm (OD 600 ) of 0.5 and then induced with various concentrations of isopropyl-␤-D-thiogalactopyranoside (IPTG). After 4 h or overnight incubation, cells were harvested, washed, lysed enzymatically with lysozyme, and centrifuged to prepare the cell extract. For anaerobic induction studies, the experimental conditions mirrored those used in the fermentation experiments (below) except that in these experiments solid MgCO 3 was omitted. One milliliter of aerobically growing cells at an OD 600 of 2 was injected into sealed serum tubes containing 10 ml of LB with ampicillin, 10 g of glucose per liter, 1 g of acetate per liter, and various amounts of IPTG under an atmosphere of air. Under these conditions, the cells grew and expressed malic enzyme under initially aerobic conditions and then generated anaerobic conditions through their metabolism, as occurred in the physiological experiments. Cultures were processed as described above after overnight growth.
Kinetic parameters of malic enzyme were determined in both reaction directions. In the forward direction, assays were performed as described above but the malate concentration was varied and either 10 mM MgCl 2 or 1 mM MnCl 2 was used as the activating ion. The reverse reaction was measured by observing the pyruvate-dependent oxidation of NADH in the presence of NaHCO 3 . Assays were performed in 1.0 ml of 100 mM HEPES buffer (pH 7.5) containing 0.10 mM NADH, various concentrations of pyruvate, 5 mM NaHCO 3 , and either 10 mM MgCl 2 or 1 mM MnCl 2 . Kinetic parameters were determined based on triplicate assays at each substrate concentration analyzed by a least squares fit of the data to the hyperbola, using the curve-fitting algorithms of SigmaPlot (Jandel Scientific). Substrate concentrations were corrected for chelation (14, 15, 18) .
Purification of malic enzyme. A 250-ml culture of NZN111(pMEE1) in LB containing ampicillin was grown at 37°C to an OD 600 of 0.5, then induced for 4 h with 10 M IPTG, harvested, and washed. The pellet (approximately 1.4 g) was resuspended in 3 ml of 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA, 0.5 mM MgCl 2 , 0.5 mM dithiothreitol, 0.01% Triton X-100, and 0.001% phenylmethylsulfonyl fluoride. Cells were lysed by passing the suspension through a French press. The cell debris and membranes were removed by ultracentrifugation for 10 min at 100,000 rpm (Beckman TL-100 ultracentrifuge). Malic enzyme was purified from the ultracentrifuged extract by chromatography on S300 and MonoQ columns, using a fast protein liquid chromatography system (Pharmacia Biotech). Both columns were equilibrated with the lysis buffer lacking phenylmethylsulfonyl fluoride. Then 700 l of ultracentrifuged extract was applied to the S300 column (120 ml) and eluted at 0.5 ml/min. Fractions of 2.5 ml were collected. Malic enzyme eluted in four fractions (10 ml) which were pooled and loaded directly onto a MonoQ HR5/5 column by using a superloop. The column was immediately eluted with a linear gradient 0 to 0.5 M NaCl in the same buffer. Malic enzyme eluted at approximately 0.3 M NaCl. The pooled fractions were concentrated by ultrafiltration in a Centriprep-60 (Amicon). Protein was assayed by the method of Bradford (5), using the protocol and reagent from Bio-Rad Laboratories and bovine serum albumin as the standard.
Fermentation studies. The effects of expression of malic enzyme on fermentative metabolism were evaluated in the nonfermenting strain NZN111 (6) and in the genetically related strains FMJ123 and LS1 ( Table 1) . Induction of malic enzyme in NZN111 was evaluated under both aerobic and anaerobic conditions. For aerobic induction, cells of NZN111(pMEE1) were grown aerobically at 37°C in LB containing ampicillin and then subcultured in notched Erlenmeyer flasks. The flasks were shaken at 250 rpm until the culture OD 600 reached 0.5, at which point IPTG was added to various final concentrations. The cells were incubated either 4 h or overnight, then harvested, washed with M9 salts, lysed enzymatically, and assayed for malic enzyme activity.
To assess the effect of malic enzyme on the fermentation of glucose, cultures of NZN111(pMEE1), LS1(pMEE1), and FMJ123(pMEE1) were grown aerobically in LB medium containing ampicillin to an OD 600 of approximately 2 and then subcultured by injection into a stoppered serum vial containing 0.5 g of MgCO 3 and 10 ml of LB medium supplemented with 20 g of glucose per liter, 100 g of ampicillin per milliliter, and 10 M IPTG. Control cultures lacked IPTG. For cultures of NZN111, the medium also contained 1.5 g of sodium acetate per liter. The solid MgCO 3 prevented toxic acidification of the cultures by neutralizing the acids formed during fermentation. The gas in the sealed tubes, a mixture of either air-CO 2 (1:1) or air-CO 2 -H 2 (1:1:2) at 14 lb/in 2 , was established by use of a gassing manifold (2) . The sealed cultures were sampled periodically and analyzed for fermentation products by high-performance liquid chromatography using a Bio-Rad Aminex HPX-87H column (7.8 by 300 mm) and a Shimadzu LC-10A chromatography system equipped with UV absorbance and refractive index detectors. The column was eluted isocratically with 5 mM H 2 SO 4 , and data were analyzed with an EZChrom data system (Scientific Software, Inc.).
RESULTS
Cloning of E. coli malic enzyme. E. coli contains genes for two malic enzymes, one specific for NAD ϩ and the other specific for NADP ϩ (19) . We cloned the gene encoding the NAD ϩ -dependent enzyme based on the published partial sequence of the gene (13) . The published DNA sequence lacked the region encoding the C terminus of the enzyme. Therefore,
) of the pyruvate:formate lyase and lactate dehydrogenase genes, pfl and ldh, respectively, in strain NZN111 block the conversion of pyruvate and eliminate the ability to ferment glucose (6) . In the presence of CO 2 , overexpression of malic enzyme ( ) could in principle restore the ability to ferment glucose and result in the formation of succinic acid.
-----B a Strain W1485 produces a typical distribution of fermentation products for E. coli (3, 8) , FMJ123 produces exclusively lactic acid, LS1 produces all products except lactic acid, and NZN111 fails to grow fermentatively and excretes pyruvate into the medium (4, 6).
we first generated a 0.8-kb internal probe by PCR to allow detection of the intact gene (see Materials and Methods). The complete gene was found by hybridization of this probe to E. coli genomic DNA cut with HindIII, a site upstream from the N-terminus-encoding region, and other restriction endonucleases. The smallest hybridizing band observed, approximately 2.5 kb, was generated by digestion with HindIII and PstI.
The intact gene was then amplified by PCR after pooled HindIII/PstI fragments in the size range of 2 to 2.5 kb were isolated and ligated to pUC19 DNA cut with PstI. Ligation to pUC19 provided a target of known DNA sequence downstream from the C-terminus-encoding region of the target fragment. Because the exact N terminus of native malic enzyme had not been determined, we designed PCR primers to create what we considered to be the most likely N terminus based on sequence homologies with known N termini of related malic enzymes and on the locations and quality of potential ribosome binding sites relative to possible initiation codons (Fig. 2) . We selected the third potential initiation codon, which would generate a protein beginning MEPK. The sense primer was designed to create this selected N terminus, and the antisense primer was based on pUC19. The PCR generated a 1.8-kb product that was verified to contain the gene by digestion with BclI (1,053-and 750-bp fragments) and BglII (465-and 1,300-bp fragments). The PCR product was then cleaved with NcoI and PstI, cloned into the expression vector pTRC99a treated with the same enzymes, and introduced into the E. coli JM109. Plasmid pTRC99a employs the trc promoter, allowing induction by IPTG in the presence of glucose. The resulting plasmid, pMEE1, generated restriction digest patterns consistent with proper insertion of the malic enzyme gene. The plasmid was subsequently introduced into strains NZN111, FMJ123, and LS1 (Table 1) .
Induction with IPTG gave good overexpression of malic enzyme. Analysis of extracts by denaturing polyacrylamide gel electrophoresis (Fig. 3) revealed an intense band of 65 kDa, the expected subunit size (18, 27) . Maximal specific activities for induction of malic enzyme in NZN111 occurred at a concentration of 0.1 to 1 mM IPTG under both aerobic and anaerobic conditions, with lower values observed with either 10 M or 10 mM IPTG. Maximal malic enzyme specific activity observed was on average approximately 100 U/mg, 300-fold higher than that observed in control cells containing only the parent vector pTRC99a. However, high overexpression was detrimental to cells, as indicated by reduced pellet sizes in the overnight aerobic cultures and the presence of protein in supernatants of these cultures. Aerobic and anaerobic cultures exhibited comparable specific activities after overnight induction with 10 M IPTG, 39 and 34 U/mg, respectively. Due to the apparent higher stability of cells when overexpression was moderate, 10 M IPTG was used in the physiological studies (below).
Purification and kinetic analysis. To evaluate the kinetic properties of the recombinant malic enzyme, we induced a 250-ml culture of NZN111(pMEE1) with 10 M IPTG for 4 h and purified the NAD ϩ -dependent malic enzyme from the cells ( Table 2 ). The enzyme was highly overexpressed and was the major protein observed in the cell extract (Fig. 3) . Triton X-100 was included in all buffers to prevent aggregation of the overexpressed enzyme. In its absence, activity sedimented in the ultracentrifugation step and the pure enzyme (from the MonoQ step) eluted from an S300 column with an apparent native molecular mass of over 700 kDa. In the presence of Triton X-100, the enzyme remained in the supernatant of ultracentrifuged extracts and the pure enzyme eluted with an apparent molecular mass of 260 kDa (data not shown), consistent with the value reported previously for the native, tetrameric malic enzymes of E. coli (18, 27) . The purified protein appeared homogeneous by gel electrophoresis if analyzed immediately after elution, but upon storage, a small band of higher apparent molecular weight appeared (Fig. 3) . This phenomenon was reported previously for the enzyme purified from nonrecombinant E. coli (18) . The purified protein was (14) . The E. coli malic enzyme possesses only slightly higher affinity for pyruvate than the A. suum enzyme ( Table 3) . As reported earlier (18) , the kinetics of the E. coli enzyme in the presence of magnesium were complex, showing biphasic saturation with malate as the substrate (data not shown). Consequently, as in the earlier case, the values reported with magnesium ion are not true K m values but rather S 0.5 values.
Maximum velocities in the forward direction were 250 and 146 mol/min/mg of protein, respectively, with manganese and magnesium. The value with magnesium is in good agreement with the maximum activities reported for the nonrecombinant enzyme (18) . Maximum velocities in the reverse direction were much lower-1.3 and 2.0 mol/min/mg of protein, respectively. In the forward direction, the calculated k cat /K m values were 1.1 ϫ 10 6 and 3.4 ϫ 10 5 with manganese and magnesium, respectively, compared to 87 and 43 in the reverse direction. Previous comparison of the catalysis of both reactions by the A. suum enzyme in the presence of manganese revealed a similar strong preference for the forward reaction (14) .
Fermentation studies. The effect of induction of malic enzyme on fermentative metabolism was evaluated in the nonfermenting mutant NZN111. This strain lacks pyruvate:formate lyase and the fermentative lactate dehydrogenase due to insertional inactivation of the genes pfl and ldhA, respectively (Table 1 ; Fig. 1 ). As a consequence, it is blocked in the metabolism of pyruvate and fails to grow fermentatively even when the medium is supplemented with acetate for biosynthetic needs (6, 16) . Under anaerobic conditions, it converts glucose to pyruvate, which accumulates in the medium to a concentration of 2 to 3 mM before metabolism stops (4) .
Under conventional culture conditions, NZN111 containing pMEE1 also failed to ferment glucose. When cultures growing aerobically in either minimal or LB medium were induced and transferred directly to anaerobic conditions, no sustained metabolism of glucose occurred. However, if cells were allowed to make the transition to anaerobic metabolism more gradually-by metabolically depleting oxygen initially present in a sealed culture tube-expression of malic enzyme allowed them to ferment glucose (Table 4) . Succinic acid accumulated as the major fermentation product. Uninduced cells did not metabolize glucose to a significant extent. The uninduced cultures consistently consumed small amounts of glucose, presumably during aerobic growth before depletion of the oxygen in the sealed tube, but glucose consumption always slowed dramatically relative to induced cultures, and succinic acid never accumulated in significant amounts (see below). Acetic acid, included at 1.5 g/liter in the medium of the NZN111 cultures to provide a biosynthetic precursor (16) , either remained constant or declined slightly. Cultures of NZN111 induced with higher concentrations of IPTG also produced succinic acid but did so more slowly (data not shown). This result is very likely due to the stress caused by high overexpression of malic enzyme; in the induction studies described above, very high overexpression resulted in cell lysis.
In contrast, expression of malic enzyme under identical con- a Cells were grown aerobically at 37°C in LB medium containing 100 g of ampicillin per ml to an OD 600 of 0.5 and induced with 10 M IPTG. Extracts of lysozyme-treated cells were prepared by sonication, centrifuged at 10,000 ϫ g, and then ultracentrifuged. Malic enzyme was purified as described in the text.
b One unit corresponds to 1 mol of NAD ϩ reduced per min. a Cultures were grown at 37°C in sealed serum tubes containing 10 ml of LB medium with 20 g of glucose per liter, and 100 g of ampicillin per ml. The headspace gas was air-CO 2 at 14 lb/in 2 , and cultures contained 0.5 g of solid MgCO 3 to control pH.
b Metabolites were analyzed by high-performance liquid chromatography after 18 h for LS1 and FMJ123 and after 44 h for NZN111. ditions in strains LS1 and FMJ123 had no significant effect on the distribution of fermentation products (Table 4) . These strains generate an altered product distribution compared to wild-type E. coli because they lack ldhA and pfl, respectively; LS1 produces only traces of lactic acid, whereas FMJ123 produces almost exclusively lactic acid. Induced FMJ123(pMEE1) generated slightly more succinic acid, 1.38 g/liter compared to 1.24, but this culture also produced more lactic acid ( Table 4) . The ratios of lactic acid to succinic acid by weight were 0.096 and 0.097 in the uninduced and induced cultures, respectively. Induced LS1(pMEE1) produced a distribution of products that was essentially identical to that of uninduced cells. Induced NZN111 fermented glucose more slowly than did either LS1 or FMJ123. Full consumption of the glucose present (20 g/liter) took over 40 h for induced NZN111(pMEE1), whereas the other strains, either induced or uninduced, consumed all of the glucose overnight. Although slow, glucose consumption and succinic acid formation by induced NZN111 (pMEE1) were steady, and analysis of the time course of fermentations supported the essential role of malic enzyme in the fermentation. Induced cultures of NZN111 containing pMEE1 were compared to induced cultures containing the parent vector, pTRC99a (Fig. 4) . Both cultures consumed glucose initially, presumably via respiration using the air present in the sealed tubes at the time of inoculation. In the induced control culture, glucose consumption slowed steadily. Succinic acid formation ceased entirely after the initial period in which the anaerobic conditions were established. In contrast, induced NZN111(pMEE1) continued to produce succinic acid and consume glucose at a much higher rate. This rate of consumption and the rate of succinic acid formation were sustained even after supplementation with additional glucose at 27.5 h (Fig.  4) .
Comparison of glucose metabolism by induced and uninduced NZN111(pMEE1) further supported the role of malic enzyme in the observed metabolism (Fig. 5) . In the first 21 h, both induced and uninduced cultures consumed approximately 3 g of glucose per liter without significant accumulation of products, presumably during depletion of oxygen present in the starting atmosphere. Thereafter, metabolism by the uninduced culture slowed dramatically. The induced strain continued to metabolize glucose exclusively to succinic acid.
This experiment (Fig. 5 ) also evaluated the effect of inclusion of hydrogen gas in the fermentation atmosphere. Exogenous hydrogen potentially could benefit succinic acid production by providing extra reducing power to achieve the redox balance needed in fermentations. The experiment was initiated under an atmosphere of air-CO 2 -H 2 (1:1:2) at 1 atm, as opposed to the standard atmosphere of air-CO 2 (1:1) at 1 atm. Under these conditions, the apparent yield of succinic acid during the anaerobic portion of the fermentation (21 to 45 h) was 1.2 g of succinic acid per g of glucose, compared to a value in the absence of hydrogen (Fig. 4, 19 to 42 h) of 0.65 g per g of glucose. On a molar basis, these results correspond to apparent yields of 1.8 mol of succinic acid per mol of glucose in the presence of hydrogen and 1 mol per mol of glucose in its absence.
DISCUSSION
Previously we partially redirected the fermentative metabolism in E. coli to succinic acid by overexpressing PEP carboxylase in a wild-type strain (17) . This manipulation represented augmentation of the normal pathway by which succinic acid is formed from PEP (10) . Preliminary experiments with cloned malic enzyme from A. suum suggested that this enzyme might be able to function fermentatively (24) . Here we have constructed a nonnatural pathway to dicarboxylic acids involving the conversion of pyruvate to malate by overexpressing the E. coli NAD ϩ -dependent malic enzyme in a strain blocked in the fermentative metabolism of pyruvate. Strain NZN111 lacks both lactate dehydrogenase and pyruvate:formate lyase activities and under fermentative conditions converts a small amount of glucose to pyruvate before metabolism stops; pyruvate accumulates in the medium to low millimolar concentrations. Presumably the other product of glycolysis, NADH, also accumulates. Our data indicate that under these circumstances and in the presence of CO 2 , overexpression of malic enzyme allowed fermentation to proceed, presumably by converting pyruvate to malate and regenerating the NAD ϩ needed for glucose oxidation. Pyruvate very likely accumulates to a high enough concentration internally that malic enzyme, in spite of its low affinity for pyruvate (K m ϭ 16 mM), can function in its nonphysiological direction.
We were unable to evaluate the internal pools of pyruvate due to the need to include solid MgCO 3 in the cultures to control the pH, nor were we able for this reason to measure the activity of malic enzyme in cells during the experiments. However, the lack of effect of induction of malic enzyme on the fermentation product distribution of strains possessing efficient pyruvate metabolism supports the above interpretation. In strains LS1 and FMJ123, expression of malic enzyme was inconsequential. No significant shift in the distribution of fermentation products occurred (Table 4) . In these strains, pyruvate is unlikely to accumulate to a concentration sufficiently high for malic enzyme to compete effectively for the smaller metabolic pool available.
The formation of succinic acid instead of malic acid as an end product can be explained at the enzymatic level by the presence in E. coli of fumarase and fumarate reductase (3, 8) . However, the question of redox balance in the fermentation pathway remains unresolved. As no oxidized coproducts were formed from glucose, it is likely that reducing power was derived from metabolism of other components of the medium. We were unable to detect malic enzyme-dependent fermentation of glucose in minimal medium. Also, some reducing equivalents may have been carried over from the aerobic metabolism that consumed the oxygen present at the time of inoculation.
The important role of reducing power was supported by the apparent effect of exogenously provided hydrogen gas. Supplementation of the fermentation atmosphere with hydrogen increased the yield of succinic acid from approximately 0.65 to 1.2 g per g of glucose. This latter value approaches the theoretical maximum of 1.31 for the hypothetical conversion of 1 mol of glucose ϩ 2 mol of CO 2 ϩ 2 mol of H 2 to 2 mol of succinic acid. However, because these experiments were performed in rich medium and in the presence of MgCO 3 , which precluded measurement of cell mass, these yield estimates do not account for all materials present and cannot be considered definitive. The higher yield obtained in the presence of hydrogen does, however, indicate that NZN111 is able to use exogenous hydrogen as a reductant for the formation of succinic acid under these fermentative conditions.
The newly constructed pathway converted glucose more slowly than did the fermentations of strains LS1 and FMJ123. Its productivity was also lower than that of the succinic acid pathway of A. succiniciproducens (23) . In its current manifestation, the pathway does not represent a commercially viable route to succinic acid. Construction of an efficient pathway involving malic enzyme will require the discovery of a malic enzyme with more favorable kinetic parameters or the engineering of one, through directed evolution and selection or rational enzyme design. Nevertheless, the pathway demonstrates the possibility of constructing alternative metabolic routes to dicarboxylic acids and the potential for doing so in a host that normally does not produce significant quantities of succinic acid. The results also show that overexpression of an enzyme with poor kinetic properties for a thermodynamically favorable reaction can, under the appropriate conditions, affect the completion of a disrupted metabolic pathway.
